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LASERS, SENSORS, OPTICS

Reports on Pulsed Power Research
High- Voltage Steep -Pulse Generator
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BEAMS] in Chinese Vol 4 No 2, May 92 pp 228-232
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[Text] Abstract

The discharge circuit of a Marx generator is analyzed in this paper and a
calculation program is given. In addition, a high-voltage steep—pulse
generator with an output voltage of 160 kV and a rise time of less than 5 ns
is designed and constructed on the basis of this theoretical analysis.

I. Introduction

In recent years, high-voltage steep-—pulse technology has attracted a great
deal of attention because a high-voltage steep-pulse generator can release a
tremendous amount of energy in a very short period of time. It not only
requires a high output voltage but also a steep rise time. These two
requirements are often contradictory. With increasing pulse voltage and
current, the generator must also increase in size. This causes the 1loop
inductance and parasitic capacitance to rise as well. Discharge loop
inductance and parasitic capacitance are major factors affecting the rise time
of the waveform. Most generators available today (such as the models TG-70 and
TG-125 manufactured by the P.I. Co. in the United States and the Maxwell Co.’s
model 40151) are at approximately 10 kV/ns. As a trigger for a switch, the
voltage gradient has a direct impact on the performance of the switch. The
larger the gradient, the smaller the turn-on time and flutter and the more
stable the switch. For instance, a very high voltage gradient is required as
a power supply for a pumped laser, or a high voltage standard power supply for .
a measuring system. In this work, on the basis of a computer analysis of the
discharge circuit, a high—voltage steep—pulse generator with an output voltage
of 160 kV and a rise time of under 10 ns is designed and constructed as the
spark-gap trigger for an intense current accelerator. '



II. Theoretical Analysis of the Dischhrge
Loop of Marx Generator

Although there are several ways to produce a
high-voltage steep pulse, the most common
method is to use the discharge of a Marx
generator., Figure .1 shows its equivalent : L
circuit. . , Figure 1. Equivalent Circuit of
: C,: Main capacitance Marx Generator Discharge
Lp: Circuit inductance
Ry: Load resistance
Rg: Circuit resistance
Cg: Load capacitance

The Laplace-transforméd expression for the ‘output vc;itége can be derived by
performing a Laplace transformation on the equation of the discharge circuit:
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The 1nVerse Laplace transform of Vg(s) can be written as
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where ‘sl, s;, and s3 are the roots of equation 1:

83 + (._]_'- + .l'_),s2 + (0?2 + 1 s + .9_‘.' -0 ' : (1)
R T, T, ~

Equation (1) is solved by computer and the result is substituted back into the
expression for Vg(t) and the value of Vg at any given time is known. With given
values of Vo, Ry, and C,, by plugging in different 1,, Cg and Rg, the leading -
edges of I, and Cg as a function of rise time g are as shown in Figures 2 and
3, respectively :

From .Figures 2 and 3, loop inductance and load capacitance almost have the
same effect on the rise time. In order to keep the rise time below 10 ns, we
must have Cg < 10 pF and L, < 0.3 puH. The calculation also shows that although -
Ry does not affect the rise time, it has an impact on the output voltage
efficiency. Furthermore, it also affects the amplitude of oscillation. The
larger Ry is, the lower the voltage output efficiency becomes. Nevertheless,
the overshoot is also less.
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Figure 2. Curve of Rise-Time Vs. Load
~ Capacitance
Cw= 1.425 nF; Vy, = 160 kV; R, = 500Q;
Ry = 450; Ly = 0.3 uH

III Generator Design and Estimation
of Parameters

Based on the above calculation, we
know that loop dinductance and load
capacitance are ‘the primary factors
affecting the rise time of a genera-
tor. Hence, L1, and Cz ought to be
kept as small as possible. This also
means that the size of the generator
should be reduced to the extent pos—
sible as long as voltage resistance
can be ensured. There are three com-
mon methods: 1) oil immersion, 2) gas
filling, and 3) vacuum. When the
generator is not very large, it is
usually gas-filled. In our design, in
addition to gas filling, the follow-
ing measures are taken to improve the
output waveform: 1) wusing coaxial
symmetric configuration, 2) selecting
low-inductance ceramic capacitors,
and 3) employing larger—diameter
ring-shaped electrodes. Hence, the

1 1 H 1 1 1 1
6 1 2 3 4 5 6 17
L, /10H)
Figure 3. Curve of Rise-Time Vs Loop
- Inductance
Cg = 30 pF; Vo, = 160 kV; R, = 5000;
Rg = 45Q; Ly = 0.3 pH; Cp = 1.425 nF
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Figure 4. Schematic Dlagram of Marx
Generator

loop inductance is further reduced. In addition, a coaxial multi-stage trigger
scheme and a high-performance pre-trigger are used to reduce the scatter in
the output voltage waveform. Figure 4 shows the schematic diagram of the Marx

generator.

Parameters of the discharge loop (such as inductance, load capacitance and
loop resistance) are not constants and they are difficult to calculate



accurately. It is only possible to estimate that loop inductance is a function
of spark channel inductance, main capacitor inductance, electrode capacitance
and high-voltage output electrode inductance. Since low-inductance capacitors
and flat-electrodes are used in our design, loop inductance is primarily
determined by the inductance of the spark channel and high-voltage output
electrode. It is estimated that the overall loop inductance is approximately
185 nH. Load capacitance is a combination of the stray capacitance between the
high-voltage output to ground and that of the measurement devices (e.g.,
voltage dividers). The total load capacitance is estimated to be about 20 pF.
The discharge loop resistance is comprised of spark resistance, electrode
resistance and various contact resistance. Because of the small size, the load
capacitance of our device is 1low. Consequently, the spark resistance is
relatively large: in comparison. Hence, contact resistance and electrode.
resistance can be neglected. From the standpoint of high-voltage output
efficiency, spark resistance should be minimized. Therefore, the device should
be operated under high pressure at high voltage. ‘

After inputting the parame- 20
ters into a computer, the
output waveform is as shown 160
in Flgure 5. : s :
: _ : o 120
The rise time is Ts = 6.0 ns >
and the output voltage is Vg - 80
= 163 kV. Based on the calcu-
lation, the parameters of the 40
generator have met our design ' , i L1 s . v
requirements. 0 S 10 15 20 25 30 35 a0 45

t/w
Figure 5. Curve of Output Voltage Vs. Time
Cp = 1.425 nF; Ry = 500Q; V, = 190 KV;
After the geneFator was as— [ = 185 nF; Cg= 20 PF; Rg = 500
sembled, the suitable gap and
pressure were selected exper-
imentally. The gas used is nitrogen and the pressure is 0.1 MPa~0.25 MPa. The
capacitor is charged to 9 kV~25.5 kV. The oscilloscope is an OK-19 100 MHz
high—-voltage oscilloscope. Figure 6 shows a series of oscillograms. As one can
see, the overshoot is significantly increased w1th rising voltage This is due
to a decrease in the spark re51stance

Iv. Expérimental Results

Figure 6. Typical Oscillograms



Table 1. Voltage Gradient Vs. Output Voltage

V,./lkV 74.1 114.7 1 125.0 | 138.0 | 1443 | 150.0 | 161.5 | 173.4 | 178.7
dvide [ (kV - ns™)| 22.5 29.5 | 326 304 37.2 42.5 45.9 46.3 48.7

After processing a great deal of waveform data, one realizes that the output
voltage gradient increases with rising voltage, as shown in Table 1. This is
because the electric field between electrodes also increases as voltage rises,
which shortens the discharge time. '

Figure 7 shows the histogram and statisti-
cal probability density distribution of 35k
the waveform rise time (i.e., the time it

takes the voltage to rise from 0 to its 30}

maximum value). The maximum distribution ;
value is 7, = 4.79 ns, the standard devia- 25 ’-I-
tion is ¢ = 0.65 ns and the statistical § :
number is N = 89, o 0 :
A comparison of the experimental data to 151 :
the theoretical calculation shows that the |
measured rise time is smaller and the os- 10 ¢
cillation frequency of the measured wave !
front is faster than the theoretical i :
values due to very complicated reasons. On 1 A
one hand, the loop inductance and 1load 0 2 3 4 $ 6 7
capacitance were estimated in a very con-— T /ns

servative manner. Therefore, the induc- Figure 7. Statistical Result
tance and resistance in the actual circuit Histogram and Distribution of
might be lower. The inductance was experi- Probability Density of Wave—
mentally measured to be approximately 190  form Rise~Time

nH, which is in good agreement with our

estimate. However, the measurement was

done at low voltage. As we know, spark inductance is not a constant. It is a
function of the radius of the channel. Hence, spark inductance decreases with
increasing voltage. As for parasitic capacitance, its value is very difficult
to estimate or measure. Since the overall load capacitance is not very high,
any error in its estimation has a significant impact on the calculated result.
Another source of error is that various circuit parameters are treated as
lumped parameters. Instead, they are distributive parameters affecting the
waveform of the voltage output.

The measured rise time shown earlier should also include the response time of
the measurement system (primarily that of the high-voltage oscilloscope). This
portion should be subtracted. The rise time of the 100 MHz oscilloscope is
3.5 ns. Hence, the actual rise time of the voltage output is

T, = (T3-£2)*/2 = (4,792-3.52)Y/2 = 3,27 ng. Therefore, we can claim that the rise
time of this generator is less than 5 ns and the voltage output is over 160
kV. The original design objectives have therefore been exceeded.
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[Text] Abstract

The principle of a relativistic backward-wave oscillator (BWO) is briefly
discussed. The experimental apparatus and the measurement technique are
described in detail. Preliminary experimental results are presented. The peak
power of the relativistic BWO is approximately 98 MW and the efficiency is
about 10 percent.

I. Introduction

In recent years, rapid progress has been made in the development of relativis—
tic electron devices that produce high—power electromagnetic radiation via
injection of an intense electron beam with energy more than several hundred
keV and current over several kA. It is a product combining modern pulsed power
technology with conventional microwave tube technology. Its advent provides a
new possibility for solving a series of problems in microwave energetics, .
communications, plasma physics, medicine and high-power microwave technology.
Relativistic microwave devices are classified based on different operating
principles, such as relativistic wave devices, relativistic magnetron,
relativistic gyrotron and virtual cathode oscillator. The first relativistic
device developed was the relativistic BWO, which is also one of the most
promising devices of the highest power. Researchers in the United States and



Russia began working on relativistic BWOs over two decades ago and the effort
has never stopped. The 3-cm relativistic BWO developed by the Russians has a
repetition frequency of 100 Hz and a peak power of 450 MW in continuous
pulsing mode, with an efficiency as high as 20 percent.! The peak power of a
3-cm plasma-filled ripple boundary resonator (i.e., overmode BWO) is 15 GW. At
6.5 mm, it has reached 4.5 GW.? It is one of the highest power devices.
Furthermore, because the relativistic BWO is simple in structure, can easily
begin to oscillate, has a wide bandwidth and has high power, it is an
important candidate for a portable high—power microwave source.

In the past two years, China began its experimental research on high-power
relativistic devices. A year ago, we reported some preliminary experimental
results with an 8-mm relativistic orotron.® The power output was merely 10 kW
back then. After improvements were made the power output of the device
exceeded 6 MW. On the basis of that work, experimental work has been done
using a 3-cm relativistic BWO; its power output is as high as 98 MW and the
efficiency is approximately 10 percent. The basic principle, apparatus, test
method and experimental results are briefly described in this paper.

Outer cylinder 2122;’fnrequency Output

?f accelerator Cathode _ Anode Y lectron orn Measurement

‘ ‘ eam horn

3 =
Renata 4 Dispersion
line
Attenuator
L,

L

Oscilloscofe' ?

Figure 1. Experimental System and Outside View of
Relativistic BWO



| II. Basic Principle

Figure 1 shows the structure of the relativistic BWO. The slow-wave line is a
weak corrugated waveguide. To the left is the over cutoff reducing waveguide
and to the right is the output horn. The electron gun and the slow-wave line
| are placed in the solenoid magnetic field. The ring-shaped electron beam
3 passes through the hole on the anode and the over cutoff waveguide to enter
’ the interaction zone to interact with the electromagnetic wave in the slow-
| wave structure. It gives up a portion of its energy to the field The beanm is
i finally scattered and collected by the output horn.

The cross section of the weak wave rippled waveguide, i.e., the slow-wave
line, can be described as follows:

R=R, + lsin-—z%-z- (1)

where R, is the mean radius of the waveguide, d is the spatial period of the
ripple and 1 is the amplitude of the ripple. Theoretically, when 1 < d?/5R,,
the basic wave traveling in the weak wave rippled waveguide is a fast wave!;

its dispersion characteristics can be approximately expressed as those of a
cylindrical waveguide with a radius Rg:

(%’)2 = ki+k? (2)

where ¢ is the speed of light, k, is the longitudinal wave number of the fast
wave and k, is the transverse wave number. Due to the periodicity of the ripple
waveguide, its characteristic modes can be expressed as follows:

= Re{exp [i(wt7sk,z) ]iE‘n,,ei:p(zinI'z)k} (3)

where ¥ - 2n/d. Just as in any conventional BWO, the basic wave is propagating
opposite to the direction of electron motion. Its negative primary spatial
harmonic is synchronous with the electrons to achieve bunching and energy
transfer. The synchronization condition is

w = k,v, = FV’ . (4)

Different from a conventional BWO, the energy output is not from the end near
the electron beam. Instead, it is reflected by the over cutoff reducing
waveguide on the electron gun end and then goes out from the output horn.
Since this reflected wave does not meet the synchronization condition, it has
very little effect on the interaction process.

Figure 2 [not shown] is a Brillouin diagram of a relativistic BWO; when electron
velocity v, varies, working point A moves along the dispersion curve and the
oscillation frequency also varies accordingly. This ensures thevbandwidth and
electron tuning characteristics of the BWO.




Conventional BWOs are low-to-medium—power devices under a few hundred watts.
However, a relativistic BWO is a high-power device. There are inherent
reasons. First, electrons in a relativistic BWO travel at a speed close to the
speed of light c. This causes the transverse dimension of the attenuation of
the synchronous harmonic field, L,, to increase:

L= gt B (6)

Hefe, A is t‘he free-space wavelength and = -“1(1-[3"")1/z is the transverse
g En

wave number of the synchronous harmonic waves. In a non-relativistic BWO, L,
is very small and the field decays rapidly in the transverse direction. Hence,
the synchronous harmonic wave is only a surface wave which only allows a thin
layer of electrons to participate in the interaction. In a relativistic BWO,
L, becomes larger and the field decays slower in the transverse direction. Its
distribution extends from the surface into space to become a "body wave."
Hence, a relatively thick electron beam is allowed to interact, which
significantly increases the output power. Next, since a rippled waveguide is
used instead of a slow-wave line, it significantly increases its mechanical
strength and resistance to electric breakdown. Furthermore, since the dynamic
voltage of a relativistic space-charge wave is y = 'YoV1Vo/Ho'5 the amount of
electron velocity change caused by the same energy variation is much smaller
than that in the non-relativistic case, which makes it easier to maintain the
synchronization condition.

Based on the above description, a relativistic BWO is similar to a relativis—
tic orotron in several aspects. However, because the energy flows in a
different direction and the electron interaction space harmonic wave is
different, the relation between its working frequency and the slow-wave
structure period is also different. The two tubes also have different
characteristics. The relativistic BWO is an electrically tunable wide-
bandwidth device. The relativistic'orotron is a narrow-bandwidth device whose
frequency often varies due to mode discontinuity. The two devices have their
own appli.cations : f

In the E mode the starting oscillating current can be calculated according to
the following

= mc ans3 S -2 k2
I,, = A—vy3p Lzo( [ k-7 | 7)

Thé oscillation starting time is

=02 1 B
e @i .o " E -8

where Ayjn = 4.88, mc3/e = 17 kA, B = B,, S is the transverse cross section of
the slow-wave line and L is the length of the slow-wave line. Q = wL/vg, where
vg is the group velocity in the slow-wave line and w is the angular frequency
of the working wave. I is the actual working current. E and E; are the working
strength and starting strength of the wave field, respectively.




III. Experimental Apparatus

The experimental system of the relativistic BWO is shown in Figure la. (Figure
1b shows the external appearance of the relativistic BWO. ) 1Its major
components include:

1. Pulsed Eleétron-Bgam SOurce

In the first stage of the experiment, the EPA-74 pulsed linear accelerator of
Southwest Institute of Applied Electronics was used. The voltage is tunable
between 0.3~1.0 MV. The beam current is 10~15 kA and the pulse width is about
50 ns. The second stage of the experiment was done on the new pulsed linear
accelerator at UEST. The operating voltage is 0.4~1. 5 MV, beam current is
10~20 kA, and pulse width is ~70 ns.

2. Pulsed Magnetic Field

In order to achieve high interaction efficiency, the axis of the magnetic
field is required to coincide with the geometric axis of the system.
Furthermore, the magnetic field distribution needs to be flexibly adjustable
along the axis in order to optimize the annular electron beam to get as close
to the wall as possible. To this end, two sets of pulsed magnetic coils were
made. Besides taking reliable measures to ensure symmetry with respect to the
center, flexible adjustment of field distribution along the axis is made’
possible by using an auxiliary coil which moves along the axis and by altering
the connection. The maximum magnetic field is 2~3 T and the rise time is 2.7
ms.

3. Electron Gun

A cold dual-cathode electron gun made

of reactor—grade graphite is used. In a 2k
strong electric field, the burr on the
cathode surface is vaporized by the - L

intense—~field—induced current to form a
plasma. This kind of plasma can be con—-
sidered to have infinite electron emis—
sion capability. The advantage of this
type of cathode is that it has high
current emission density. Moreover, it
can be used repeatedly. The dual cathodes facilitate impedance matching which
makes it easy to adjust the operating current of the BWO while the accelerator
and diode are essentially matched. The working annular beam has a radius of
Rp = 7 mm and the current is approximately 2 kA. Figure 3 [photograph not -
reproduced] is a picture of a plastic target damaged by the beam. Figure 4 is
a computer—generated sketch of the dual-cathode electron gun showing the
electrodes, equipotential lines and electron trajectories. :

AW

Figure 4. Electron Gun




4, High-Frequency System o

! ig qu y y Klygtron Wave Mgasu,.lng "lgh"
Segregating meter - line : :r:g::ncy

This is a weak wave rippled waveguide. wnit _ y

One end is connected to the over cutoff Attenuator B
reducing waveguide and the other is o Ef“f‘im 1 '
connected to the output horn. In order ' J_

to ensure effective interaction and i ' '
minimize loss, the entire system 1is ' ’ §5

required to have excellent symmetry
with respect to the center. The period-
icity must meet certain requirements.
The device also must have satisfactory
inner-wall roughness and electrical conduc—
tivity. In addition, in order to reduce the
shielding effect of the tube wall on the
pulsed magnetic field, the wall material
should have higher resistivity. Or, it
should be made of a very thin layer of
highly conductive material. A model was made
based on the basic parameters discussed
above. Results of cold measurements taken
are consistent with expected values. The
basic wave propagating in the waveguide has
a phase velocity of approximately 2 c.
Figure 5 shows the cold measurement system
of the high-frequency system. Figure 6 Figure 7. Outside View of Slow-
[photograph not reproduced] and Figure 7 are Wave Structure and High-
the frequency sweep and external appearance Frequency System

of the high—frequency system. (The strongest

absorption peak corresponds to 10 GHz.)

Figure 5. System for Cold Measurement

5. Testing System

The accelerator voltage and current are sampled by a voltage divider and a
small shunt resistor, respectively, as shown in Figure 1. The results are
displayed on a high-voltage oscilloscope. After the microwave signal emitted
by the output horn is received by a measurement horn placed in a suitable
position, it passes through a dispersion line of length L;. Then, it is split
into two by a 3-dB directional coupler. One subsignal ‘goes through a
dispersion line of length L, and the other is attenuated after frequency
doubling. They are recombined into one by means of a double-T connector. The
signal is displayed and recorded on a high~speed oscilloscope after ‘passage
through a crystal detector. The dispersion line is made of a standard 3-cm-
waveband waveguide. Waves of different frequencies travel at different
velocities inside this dispersion line. The frequency, or wavelength, of the
signal can be calculated from the time difference and the length of the
dispersion line L,:

A=A, 1-(L2y2 (9)
ot _

11



where ). is the cutoff wavelength of the dispersion line, ¢ is the speed of
light and r is the time interval between the two signals .The power entering
the measurement. horn can be calculated as follows: o

. Pi.en‘=2X1°'3(§) x 10[!(L1+L3)/10+A/10](m | - o 0

where d_is the signal amplitude (mV) read by the oscilloscope, s islthe
sensitivity of the detector (V/W), a is the attenuation coefficient of the
dispersion line, and A is the overall attenuation of the series attenuator.

Iv. Experihentai Results

Due to existing constraints, we measured the wavelength and power received by
the measurement horn, P; (hot), by means of hot measurements. The operating
mode and overall power were determined based on cold measurement results
obtained from the same high—frequency system.

Figures 8 and 9 [photographs not reproduced] show the typical current and
voltage. waveforms . L

Figure 10 [photograph not reproduced] shows an ‘;IL
oscillogram of the ‘output signal using a 7101A
oscilloscope. Because the sampling interval of
this digital storage oscilloscope is 20 ns, it
is difficult to see the waveform in detail.
Nevertheless, it is possible to determine that
the dispersion signal is delayed by approxi-
mately 180 ns with respect to the reference : N
signal. The length of dispersion line L, is A o
41.25 m. From equation (9), the frequency of -60° 30 0 30° 60°
radiation can be calculated to be f = 10 GHz. 6

0.5f-

R _ , Figure 11 Space Distribution
The operating mode can be determined based on ) of Radiation Field
the radiation frequency and cold measurement
results. With the cold measurement system shown in
Figure 5, as well as a signal source of identical
frequency to that obtained from hot measurement to
excite the high—frequency system of the BWO, a low-
power meter was used to measure the spatial distri-
bution of radiation power by moving the measurement
horn over a sphere of radius R, and centered at the
middle of the output horn. The result is shown in °
Figure 11. In the figure, P represents normalized
power density. (Here, R, is the distance between the % it
centers of the two horns.) Based on the character- Figure 12. Visualization
istics of a slow varying waveguide and the radia— of the Field of E, Mode
tion pattern of an aperture antenna, the operating prom Reference 4

mode was determined to be E,. Figure 12 shows the ‘

target pattern of Ej, radiation measured by Russian

scientists with a neon—filled tube. They are in excellent agreement.




As a matter of fact, it is also possible to determine from the mode character-
istics that the operating mode at A = 3 cm has to be Ej; in this case. Table
1 lists the circular waveguide radii corresponding to different cutoff modes
at this wavelength.

Table 1.

Mode

Eoz
Cut-off radius (cm) . 0.879 1.146 1.829 2,636 ]|

Experimentally, the waveguide radius is Ry = 1.29 cm. Only H;; and Ey; were not
cut off. Since there is no longitudinal electric field component in mode H,;
and it is difficult to satisfy the synchronization and oscillation conditions
at A = 3 cm, therefore, the mode to get excited must be Ej. This is in
complete agreement with cold measurement results. E,; and other higher modes
may appear only when A < 2,12 cm. Of course, since a rippled waveguide is not
exactly the same as a smooth waveguide, it may be possible to have mode HE,,.
However, this corresponds to a different wavelength. This issue will be
discussed in more detail in a separate paper.

Once the operating mode is ascertained, it is possible to calculate the
overall radiation power Py, based on the power reception P; ¢, and other
parameters obtained in hot measurements.

- Pg,th = KPj tn
Kk = Pz,c/Pi,c

where x is the ratio of Py .«-which is the total power measured in a cold
measurement when the high-frequency system and measurement horn and their
relative position remain the same as in a hot measurement--to Pjc» which is
the power received by the measurement horn.

Two different methods were used to determine x. They are considered as the
upper and lower limit of x. One is a direct measurement. Let the system shown
in Figure 5 operate at a given frequency and measure the standing-wave ratio
p. Then, the reflectance index is

lz] =

p+1

Replace the resonant cavity with a low-power meter to measure the power P,
injected into the cavity. Assume that any mismatch is negligible. The power
injected into the high-frequency system, Pj,, can be calculated as follows:

Pin = Py (1 - |r|?)
Neglect the loss in the slow-wave line, then Py . = Pj,. The power entering the

measurement horn, P;j ., can be directly measured with a low-power meter under
identical geometric conditions. Hence,

13



k=P (1 - |r|2)/Pi ¢

Because certain losses are neglected the value of ® obtained is slightly
high. :

The other method is to integrate the measured field distribution over the
entire space to obtain Py c:

Byo = [ Ta0[™R?(s100)P, (2,0, 9) dp

R, #, ¢ are the three coordinates of the spherical coordinate system with its

origin located at the center of the radiation horn. Pg = Pj c/Ae¢ is the mean
power density across an effective area Ae¢ of the receiving horn. Therefore, -

Py f fh R’(sine) P,(R 9.@)
P1 c Pi,c

f fz' R‘sjfnﬁ B,(R,8,¢)de

where 5,(R, 6, o) = P;i(R, 4, ¢)/PLQ" is the relative power distribution. In
the calculation, the integral ‘is converted into a summation form which makes
it difficult to obtain the total F, covering the entire surface of the sphere
with R = R,. Furthermore, the area of integration does not cover the entire
surface of the sphere other than the output horn. Hence, the value of «
obtained is generally low. A cross—check with these two methods indicates that
the peak power is as high as 98 MW.

V. Conclusions

Preliminary experiments on the 3-cm relativistic BWO were successfully
conducted. At U = 450 kV and I = 1.8 kA, a 98-MW power output was obtained at
an efficiency of approximately 10 percent. ‘ ’
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[Text] Abstract

The design of a high-performance short-period wiggler is described. Separate
permanent magnets positioned in slots are used to realize half-period tuning
of the magnetic field. Measurements made on a prototype wiggler show that the
peak magnetic field By = 0.35 T and the maximum deviation of the magnetic field
6By/B, < 1.25 percent when the wiggler period is Ay = 10 mm and spacing between
magnets § is 5 mm.

I. Introduction

The free electron laser (FEL) has many potential applications in scientific
research and modern technology. However, existing FELs are cumbersome in size,
complicated in structure and expensive to construct. These undesirable factors
are seriously hampering the use of the FEL. Reducing the size of an FEL will
make it more attractive. Based on the FEL resonance equation, i, = ?;!%(1 + al),

where Ag is the laser output wavelength, Ay is the wiggler period, v is the

By . Ay,
xes) ~ om) 29 B

relativistic energy of the electron, a, = :g%, K=0.0934(
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is the peak axial magnetic field of the wiggler. If the output wavelength Ag
is fixed, the required electron energy vy is lowered by reducing the wiggler
period ). Lowering the electron energy requirement also reduces the shielding
requirements for X-rays and neutrons, which consequently lowers the complexity
of the structure of the accelerator. Therefore, further investigation of
short—period wiggler technology (i.e., the microwiggler) has a significant
impact on the use of FELs in scientific research and modern technology. The
microwiggler is being studied at the University of Maryland,!, the Massachu-
setts Institute of Technology,? the University of California at Santa Barbara,®
the Brookhaven National Laboratory,* the Los Alamos National Laboratory,> and
Stanford University. A 10-mm period hybrid wiggler made of NdFeB and A3 steel
was used in this experimental study. The most recent results are presented in
this paper. The second section describes the design of the microwiggler, the
third section introduces the structural characteristics of the microwiggler,
the fourth section contains the results and the fifth section is a discussion
and analysis of the data. ‘

NdFeB
II. Physical Design £

A hybrid wiggler was first presented by - Stedd
Halbach® in 1983. Figure 1 shows its
principle of operation. We attempted to
use such a structure to conduct our
microwiggler study. The following .
issues were considered in the design.

{ — RN

2.1 Material Selection

Ny |

Usually, the permanent magnet in a - Ld |

wiggler is either made of SmCos or Figure 1. Schematic of Structure of
NdFeB. With a larger period—-to-spacing Hybrid NdFeB + Steel Plane
ratio, NdFeB produces a magnetic field Periodic Magnet

that is 20 percent higher than that of

SmCos.” Hence, we chose NdFeB as the :

material. There are a variety of soft magnet materials. However, most are
based on high-saturation, high—-conductivity vanadium pemendure. We chose to
use A3 steel as the soft magnet material.

NdFeB steel
2.2 Edge Configuration

Halbach analyzed three
edge configurations,® as
shown in Figure 2. Based
on Halbach’s analysis,
we selected the overhang
configuration.

2.3 Thickness of Magnet Figure 2. Schematic ?f Three—Edge Configurations
for a Hybrid Wiggler

Obviously, with a fixed (1) flush; (2) w/side pieces; (3) w/overhang

period, the thicker the
permanent magnet is, the higher the center magnetic field it generates. From
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this standpoint, the magnet ought to be as thick as possible. However, the
thinner the soft magnet becomes, the stronger the harmonic component of the
periodic distribution of the magnetic field is. This is undesirable. Besides,
soft magnet becomes saturated when the permanent magnet is too thick. By
taking these factors into consideration, a permanent-to-soft-magnet thickness
ratio of 1.5:1 was chosen.

In conclusion, the perménent magnet chosen is 35 mm x 25 mm x 3 mm and the A3
steel soft magnet is 30 mm x 20 mm x 2 mm.

III. Structural Design

Normally, a hybrid  Tuning-gap
wiggler 1is glued "%}

together. However,:
because of the short
period, this method

S, . - .y, DRCARTH
is impractical. The "m\\\\\\\\\\“\\\\y . VD R
d - '/ . "
A
7

magnets cannot " be
easily stuck togeth—

oo 200

er and the error is
SANNANNAN
substantial. Just as [ e SN

L. Elias pointed Figure 3. Mechanical Design of the Microwiggler

out, based on their ' : ‘

experience, it is impractical to construct a microwiggler using separate
permanent magnets.® Therefore, special consideration was given for the
mechanical structure. We adopted a slot location method for position accuracy
and ease of tuning. This arrangement makes it possible to use separate
permanent magnets to develop a microwiggler.

Y A %

2

[LALVARSLRARAUNAW

As shown in Figure 3, the permanent magnet is held by a clip and the clip is
also attached to the tuning block. The soft magnet is held in place by the
permanent magnet and secured in place in the holder. The position of the

permanent magnet can be adjusted by turn—

ing the fine~tuning screw to achieve

half-period tuning of the magnetic field. " Mall orob
Half-period tuning can improve the uni- . 277 prode
formity of the wiggler magnetic field. I

A 4

Furthermore, it provides a solid founda-
tion for the design of variable-parameter
devices, ' optical-cavity klystrons and
wiggler inlets. -

A L—{ OC regulator
IV. Magnetic Field Measurement Results

Figure 4. Principal Diagram of the
A miniature Hall-effect probe with an Magnetic Measurements

effective area of 0.1 mm x 0.1 mm was

used to measure the magnetic fields asso- ; - , .
ciated with the magnets and the microwiggler. Figure 4 shows the measurement
circuit. The relation between control current I, output voltage V, and magnetic

field strength B is p = —kv%' where k is the Hall coefficient of the probe. The

current is in units of mA, voltage in mV and magnetic field B in T.
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Figure 5.

2/mm

Regulated Five-Period Experiment Unit of -

Microwiggler, Magnetic Induction Intensity

on Axis of Unit Vs.

I [

1 A 'l ) 2
-5 -1 -05 0 OS5 l» 15
y/mm

Figure 6. Regulated Five-Period

Experiment Unit of Microwiggler,

By/T on Axis of Unit Vs. y;
Ay =10 mm, § = 5.6 mm

Figures 5 and 6 show the mag-
netic field distributions ob-
tained after initial testing.
Compared to the results ob-
tained with a hybrid wiggler
designed by Q.C. Quimby, et
al. (as shown in Figure 7),
the magnetic field distribu-
tion shown in Figure 5 is in
essential agreement. The dif-
ferences are in the period
magnitude and induction inten—
sity. Nevertheless, the devia-

tion of peak magnetic field in

S
LI

0 35

z (Ay =10 mm, § = 5.6 mm)

06
€ o /\/\
[y

JUUY V

-2
zhm

4

Figure 7. Magnetic Induction Intensity

By/T on Axis of Experiment Unit of

Wiggler Vs. z

~035

Figure 8. Magnetic Induction Intensity

on Axis of Five-Period Experiment

Unit of Microwiggler Vs. z

various periods is relatively large, i.e., approximately 3.2 percent, in this
work. This is because the maximum deviation of the field of a single magnet is

25 percent.
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the final

Since the microwiggler has half-period adjustment capability,
magnetic distribution curve (shown in Figure 8) was obtained after fine
tuning. The deviation of peak magnetic field period-by-period was further
reduced to approximately 1.7 percent. In addition the terminal effect shown
in Figure 5 is also resolved. i : :

V. Discussion

A hybrid microwiggler (1 cm period) was used for the first time in an experi-
mental study. This microwiggler produced a peak magnetic field of 0.35 T in a
5-mm gap. In addition, half-period tuning was achieved. By comparing our
experimental data with results on existing microwigglers, this microwiggler"
has the highest peak magnetic field for comparable period and magnet spacing
ratio, as shown in Table 1. Its half-period tunability is even more attrac-
tive. We have employed this structure to construct a 50-period microwiggler (1
cm period) that is now being tested. We plan to drive this microwiggler with
a low-energy electron beam to perform FEL experiments. However, considering
electron-beam. and light-beam transport, the magnetic field of this micro-
wiggler needs to be further raised. On the basis of this hybrid structure, we
have already presented a modified structure. Its magnetic field intensity can
be 10 percent higher than that of a conventional hybrid structure. This novel
permanent magnet microwiggler will be discussed in a separate paper.

Table 1. Comparison Among Results of Microwiggler Experiments

Type Period | Space Peak mag-| 8B, Tun—
Ay/mm 6 /mm netic B, able—
induction ness
intensity
By/T
Univer— Eleétromagnet,
sity of planar . 5.4~15 | 2.2~7 - 0.2 5% No
Maryland polarization '
MIT Electromagnet, h ‘
planar 10.2 5.1 0.32" 1% Yes
polarization '
| Santa Permanent magnet, 2.76%
Barbara planar 4 2.2 0.12 No
polarization
Los Electromagnet,
Alamos circular ‘ 8.5 2.2 1 / No |
polarization
CAEP Hybrid magnet, '
circular 10 5 0.35 1.7% Yes
polarization :
eeormt—————— =‘

* Treated by low-temperature cooling, peak value of magnetic induction
intensity can be reached in 0.5 T.
**This value is r.m.s.
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[Text] Abstract

The electron optical design of a variable-rectangle electron-beam (e-beam)
lithography machine is discussed with emphasis on the analysis of optical
path configuration and shape deflection compensation. The DJ-2 system
employs a minimum number of lenses to meet the requirements for variable
spot shaping. In order to achieve high-speed shape deflection, a high-
sensitivity electrostatic deflector with series-connected flat plates is
used. By means of precise linear and rotational compensation, the spot
current density, edge resolution and position of spot origin remain
unchanged when the spot size varies. It has been experimentally demon-
strated that with a tungsten hairpin cathode, the spot current density is
0.4 A/cm? and the edge resolution 1is better than 0.2 um within a2x2mm
scan field.

I. Introduction

As the density of VLSI becomes higher, its primary fabrication technique,
e-beam lithography, is also being developed and perfected. One of the major
breakthroughs is that it is possible to_ use a variable rectangular beam to
replace the conventional Gaussian beam. 1-3 As a result, the speed is
increased so substantially that an e-beam lithography system becomes a piece
of production equipment in the microelectronics industry.

The optical configuration of a variable-rectangle e-beam lithography unit is
far more complicated than its Gaussian-beam counterpart because there are
two different but interrelated electron images -- i.e., the image of the
electron source (source image) and the image of the grating (object

image) -- in the system at the same time. Optically, these two images
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must be effectively separated to the extent that each image can be inde-
pendently adjusted. In order to have the same line pattern clarity for
different spot sizes, it is necessary to ensure that the spot current
density, edge resolution and spot origin remain unchanged when the spot size
varies. This requires accurate computation in the design of the optical
path. In addition, in order to obtain uniform exposure patterns, the
current density within the spot must be as uniform as possible. Hence, the
grating must be illuminated uniformly. This paper describes the electron
optical column we developed for the DJ-2 variable-rectangle e-beam
lithography system. Some key issues in the electron optical design are
discussed and analyzed and some experimental results are presented.

II. Design of the Electron Optical Column

1. Optical Path Structure, Computation of Its Electron Optical Properties

The electron optical specifications of the DJ-2 variable-rectangle e-beam
lithography system are given in Table 1. The optical configuration of the
corresponding column is shown in Figure 1. An e-beam emitted from a triode
gun (G) with a tungsten hairpin ‘cathode uniformly illuminates the rectangular
grating Aj. A 1:1 image of Ay is formed on the plane of the second
rectangular grating Ay by lens Lj. By varying the voltages on the shape .
deflector plates (Dx and Dy) between A1 and Ay, the image of A] can be moved
on A2 to obtain the spot size required, such as the dark rectangle shown on
the right side of the figure. Auxiliary deflectors Dy' and Dy' at L; are
used to keep the source image (S1) from shifting off axis due to deflection
in order to maintain the spot current density, edge resolution and spot .
origin constant. After shrinking the image by a factor of approximately 1/10
with lens L3, which is a composite of Aj and Ay, a focused image is formed on
target. T by lens L4. In order to intersect larger-beam~angle and nonuniform-
current-density electrons at the edge, a circular grating, A,, which is
slightly larger in diameter than the electron source image S3, is placed at’
the center of L4. The position of the spot on the target is controlled by
the deflector system Dy behind the lens. Since the required deflector field
is small, a simple électrostatic plate deflector is chosen. Its advantage ‘is
that the same deflector can be shared by the highly accurate deflection

(2 mm) provided by the main field and the high-speed deflection (100 um)
provided by the auxiliary field, instead of the conventional approach which
requires electromagnetic deflection and electrostatic deflection separately.
Of course, deflection behind the lens lengthens the working distance of the
system. Consequently, objective lens aberration is also larger. This"
design is only applicable to smaller beam angles, which limits the current -
density attainable on the target. Other important elements in the column -

- include electron-gun coaxial coils ACy and ACy, beam gate B which controls "
the beam according to the pattern, Fatraday cup F for beam current detection,
coaxial scanning coil SC, rotating lens RL which fine-tunes the orientation
of the rectangular spot in the direction consistent with the movement of the
platform, and stlgmator ST. ‘




Tablé 1.‘ Electron Optical Specifiéations of the DJ-2

Beam current density : 0.4 A/ém2

Spot size 1-12.5 ym recfanglé, in 0.05 pym steps
Edge resolution 0.2 ym

Scan field dimensions 2 x 2 mm?

Figure 1. Optical Configuration of the DJ-2 Electron Optical
Column . : ’ '

A unique feature of the optical path shown in Figure 1 is that it employs the
least number of lenses to meet the requirements of the variable-rectangle
e~beam lithography system. Hence, the overall length of the lenses is.
shorter. This not only facilitates coaxial adjustment but also reduces the
loss of resolution caused by the space-charge effect of the e-beam (see
equation (1)). Some variable-rectangle lithography systems employ one -
(e.g.s JBX-6A% and EB553) or even two (e.g., VL-R26) focusing lenses in
their optical configurations to adjust the illumination on the imaging
grating (object). This kind of arrangement increases the overall length of
the lenses and further complicates its structure. In a variable-rectangle
lithography system, the magnitude of the current density corresponding to a
uniform spot on the target is determined by the brightness of the electron
source and its emissivity (which is the product of the spot diameter and

the divergence angle of the beam), as shown in equation (6) below. Accord-
ing to the principle of invariance of e-beam brightness and the Lagrange-
Helmholz theorem, these two quantities will not increase because of focusing
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lenses. This unique feature assoclated with the variable-rectangular beam is
. different from the case of a Gaussian beam where the primary design objective
-is to obtain the peak current density on the axis. Current fluctuations
caused by dimensional discrepancies of the electron-gun structure can be
~compensated by adjusting the gate bias of the electron gun, instead of using
a focusing lens. From the standpoint of e~beam radiation, the uniform
current density attainable on the target surface is limited by the electron
source. Most e-beam devices use either a hairpin tungsten cathode or a LaBg
cathode. Although a LaBg point cathode typically has a higher brightness,
its cross spot diameter and divergence angle are much smaller than those of
the tungsten cathode. It is difficult to provide uniform illumination across
a large-area grating. Furthermore, the fabrication of a plateau-shaped LaBg
cathode, which is more suitable for a variable-rectangle lithography system,
is very complicated. Therefore, we selected a tungsten cathode of a rela-
tively thicker diameter in this work. Although its brightness is relatively
- low, its divergence angle is large. The uniformity across the rectangular
. grating is as high as 99 percent. : :

Another unique feature of the optical path shown in Figure 1 is that the
position of the second’ réctangular grating Ag coincides with ‘the main plane
of the second imaging lens L. With such an arrangement, when effectively
uniform illumination is achieved by adjusting the excitation of Ly so that
the secondary image of the intermediate image 81 of the electron source is
formed at the pupil of reducing lens L3, the image of the rectangle produced
by the two rectangular gratings will not be affected. Hence, this configura-
tion can effectively separate the source image from the object image to allow
the system to operate in its optimal working condition.

The electron optical characteristics of the optical path shown in Figure 1
have been calculated in detail.’ Table 2 shows the primary optical charac-
teristics obtained. Table 3 lists the third-order chromatic aberration and
first-order astigmatism data. Table 2 also shows the relative errors
between calculated and experimental values. Figure 2 shows the calculated
beam spot at the corner of the deflection field. It demonstrates that the
optical configuration satisfies the resolution requirement shown in Table 1.

Table 2. Comparlson of Calculated Primary Optical Characteristics
With Experimental Data

B Characteristic paremeter. Cai:;t:ted Exps;izzntal Eiz§r
Overall amplification - / ' - =0.0943 0.10 ' 6.04
' o Imaging lens .1 576.7620 563 ' 2.26

Lens excitation Focusing lens 785.000 - 768 2,17
(AT) - -Reducing lens ' 737.9273 736 0.26
L Objective lens ’ 617.4350 641 ' 3.82
Main deflector X deflection 1 mm 39.2490 39.57 0.82
voltage (V) - Y deflection 1 mm 40,3834 | 38.69 4.19
Angle of inclination of beam on - - __
target at the edge of the , § ’g'gggg — —
deflection field (°) - , * , '
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Table 3. Calculated Values of Third-Order Geometric Astigmatism
and First-Order Aberration (Unit: um)

) - v , Source Deflec- | Imaging |
Type v _ Axial tion | beam spot Mi*ed Total
Spherical aberration C0.074 | -~ - — — 0.074
Isotropic coma aberration ) == ~0.004 0.000 | -— 0.004
Anisotropic coma aberration — -0.004 0.000 - 10,004
Curvature of field - 0.058 0.001 0.000 | 0.058
Isotropic astigmatism - 0.034 0.001 0.000 { 0.034
Anisotropic astigmatism o 0.045 0.000 0.000 | 0.045
Isotropic distortion ' - 0.056 0.002 0.001 | 0.057
Anisotropic distortion - - 0.087 0.000 0.001 | 0.088
Axial color aberration -0.059 - -— - 0.059
| Lateral color aberration - -0.141 0.002 —— 0.141
Overall aberration ' 0.094 ] 0.163 0.003 0.000 | 0.188

E~beam parameters as follows. voltage 20 kV, beam half-angle 1.85 mrad,
deflection field 2 x 2 mm2, imaging spot size 10 x 10 um2 beam voltage ‘
fluctuation 2 V.

Beam spot
dimension ioe0m

—
=

[ L NN NN NY]

[T IYXSTIR 2RSS Y)

Figure 2. Beam Spot at the Corner of the Deflection Field on
: Target (* 1 mm) ‘ ‘

In addition to aberrations, there are a few other factors that affect the

‘ultimate resolution of a variable lithography system. First, compared to a

Gaussian-beam system, the beam current of a variable-beam system is much

higher, usually by 3-4 orders of magnitude. (The former is of the order of

nanoamperes while the latter is of the order of milliamperes.) Hence, the

space~-charge effect (Boersch effect) associated with a variable-beam

lithography system is far more severe. Especially when the beam spot is"
large, this effect cannot be neglected. Based on an analysis done by °
Crewe,8 the edge fuzziness caused by space charge, 8g.(um), is proportional

to the current density I(A) and the image-to-object distance 1l(cm), and’ it
4is inversely proportional to the e-beam half-angle a (rad) and the (3/2)

power of the beam voltage V(V), i.e.,
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;1
51:-- - a-V-;’_’ X 10' . (1)

In the optical path shown in Figure 1, 1; includes three parts, i.e., 1y,
which is the distance between A; and Aj; 1y, which is the distance between
A2 and A; and 13, which is the distance between A and T. Let the beam half-
angles and magnification factors associated with the imaging lens, reducing
lens and objective lens be a1, ap, a3, and Mj, M, M3, respectively. Then,
we have . ‘ ' .

.8“‘ - _[((l/al)z -+ ([2/(,2)2 -+ (1;/03)21"2(1/‘[/'3/1) . 10'4‘ (2)
Since - aS/M:; o - az/M; - f’!/(:‘{zM;),w_ we. get .
B = [OMMAY + (MY + B2 (VD] x 100 (3)

With a given set of optical parameters (M, @, 1), in order to keep §g. below
the resolution requirement, the value of I must be limited. This means that
the product of current density and spot area must be less than a certain
value,

Next, as discussed eariier, the uniform illumination of a rectangular grating
is limited by the emissivity of the electron gun. Based on the Lagrange-
Helmholz theorem,

dia, = da, %)

where d, and o, are the diameter of the cross spot of the electron gun and
the beam divergence half-angle, respectively, and d¢ and a; are the spot
diameter and beam half-angle on the target, respectively. In order to keep
the current density uniformity at above 90 percent, the emissivity of the
electron gun E has to meet the following requirement:

E = d‘a‘ > J_Z_ba, (5)

where b is the maximum spot size required. Hence, the spot current denmsity,
which is limited by the emissivity of the electron gun, becomes

Ty = et < (1/2)mp(d gy [ b): '
where B is the brightness of the electron gun. .

Finally, the high-speed variable-shape deflection requirement imposes some
constraints on the maximum output and digits of the digital-to-analog (D/A)
conversion of the deflector. Consequently, the maximum spot size associated
with a certain resolution (step) is limited. Based on the 0.05 um resolution
requirement shown in Table 1, with 8-bit D/A, the maximum spot size allowed
1s 0.05 x 28 = 12.8 ym. '
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In addition, the effect of other factors on current density and edge resolu-
tion, such as charge and discharge inside the lenses, external electro-
magnetic interference, mechanical vibration and heating of the corrosion
inhibitors, is hard to estimate quantitatively. The effect of the four
limiting factors discussed above is plotted to define the working area in
the column, as shown in Figure 3.

10 .
i Electron-gun

08 Space- limited

0sk fiﬁiﬁgd' Variable-shaping

deflector
B imited
o §9g¥§agiog

AN

Current denéity (A/cmz)

. \
0z Operating \
e area \
,\\\
0.1 — . ' < '
0 4 8 12 16

Sbot‘size (um)

Figure 3. Working Area in the Column as Determined by the
Factors Limiting Current Density and Spot Size
(Area surrounded by thick solid 1lines) :

2. Design of the Imaging Deflector?

A key issue in the electron optical design of a variable-beam lithography
system is to ensure that the current density, edge resolution and spot
origin on the target surface remain unchanged as spot size varies. There
are some problems associated with the design of other optical configura-
tions. For instance, EB55° and HL60010 do not take any shaping deflection
compensation measures. The shape-varying optical path only approximately
satisfies the condition to produce an image of the first imaging grating on
the plane of the second imaging grating. The displacement of the source
image in the direction perpendicular to that of electrostatic deflection
caused by the leakage of the magnetic field of the imaging lens to the
deflector is minimized in these two systems by placing the imaging system
symmetrically with respect to the geometric centers of the two lenses and
by exciting the two lenses in opposite phases. This arrangement imposes
unnecessary constraints on the optical design. Furthermore, it is very
difficult to completely eliminate shift of source image. Hence, it ulti-
mately affects its resolution. Although shape-deflection compensation
measures have been taken in JBX-6A,% that system is not perfect. Sometimes,
spot origin shift is produced by improper compensation. Other variable
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lithography systems employ quadrupole or octopole deflectors.ls1l Although
deflection:compensation is made easier, deflection’ sensitivity is reduced .
due to increased distance between. poles, this makes it more difficult to ;o
construct deflection amplifiers.f ‘ ; :

Based on an analysis of existing variable optical configurations, the DJ-2
system employs a high-sensitivity electrostatic imaging deflector with _
series-connected parallel plates, as shown in Figure 4. In order to keep the
source image position constant while spot size varies, in addition to the
main imaging deflector plates, Dy and Dy, another pair of compensation
deflector plates, Dy' and D,', are placed above the imaging lens L. Let us .
assume that the deflection of Ay and the Ap plane is dsquare'- Then, .the
deflection angle due to the main plates is:9 ‘ :

dn( mpl,l, " | : . '
g w= U] 4 Lol 7
I: "1.1,1;,) . '. . ( )

where m, and Mgquare are the amplification factors of the electron source and
rectangular grating due to L. The corresponding compensation deflection
angle is L ' _

o =al[(ml) o (8)

The ratio of g' to a is defined as the linear compensation factor n, i.e.,

= fa=1](mll) o (9)

L (’”0 .mg)’ ‘

.D‘

D,

‘f——TE::;y o izi _t:i:i:Aa

vv}figurs é,: Optical Configuration of the imaging'Déflectsr/‘i
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The above equation is valid only when the direction of deflection of the
compensation plates is consistent with that of the main plates. Since the
two sets of deflection plates are placed on both sides of the shaping lens,
when the relative mechanical rotation angles of the two sets of deflector
plates are not equal to the rotation angle of the lens, or when main plate X
is not perpendicular to main plate Y, or when transverse deflection caused by
leakage of the lens magnetic field exists, rotational compensation is required
to keep the source image on the axis. Figure 5 illustrates the direction of
deflection on a cross section containing the source image and perpendicular
to the optical axis. O is the optical axis, Dy and Dy are the two deflection
directions of the main-plate orthogonal, and Dy' and g are the directions
of deflection of the compensation plates after going tKrough L. The differ-
ence is an angle B. Assume source image O is shifted to point A along Dy due
to the main plates during shaping and the length of OA is do. Also assume
that there is an additional displacement AB in the Y direction because main
plate Y is not perpendicular to main plate X or because there is magnetic
field leakage on this cross section. The resultant deflection is OB. Its
angle with respect to Dy, Y, is equal to the deviation from orthogonality
between Y and X. With the angle between the combined deflection due to
magnetic field leakage and Dy, it is not difficult to find that the rotation
angle for compensation plate X should be

. = d,/cos7 o cos(g + 7)/("3,12,) (10)

Correspondingly, the rotation angle for compensation plate Y should be
oy = du/ cos7 + sin (B + 7)/(m,l.,) (11)
The rotation compensation factor, ﬁr, is the ratio of ay' to oy':
7, = ayfa, =1,/ L1, tg(8 +7)] (12)

1

P

Figure 5. Deflection Direction of Source Image on a Cross
Section Perpendicular to the Optical Axis
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The rotational compensation discussed above is accomplished through the ‘use
of compensation plates, i.e., to deflect B to C along Dx' and then move C
back to O along D,'. In principle, it is also possible to apply the compen-
sation sigral to he main plate Y itself, i.e., to deflect B to E along Dy'
and then ‘push E back to O by the voltage applied to Y. However, OC < OE,
i.e., it requires more deflection by means of main plate Y as cOmpared to
compensation plate Y. In addition, from Figure 4 (OOY' >> 0 Oy) it 1is
obvious that the main plates have a much lower source image deflection
sensitivity compared to that of the compensation plates. Hence, the latter
approach is not desirable. When source image O' is very close to Oy, the
geometric center of main plate Y, or when they coincide with each other,
rotational compensation becomes impossible. This is why some variable-
lithography systems that employ this kind of compensation schieme cannot keep
the spot on the target constant. ,

Experimental observation shows? that the imaging deflection compensation
scheme employed in DJ-2 has met all design requirements for the variable
optical configuration. The beam current density, edge resolution and spot
origin position remain constant, independent of spot size.

III. Exper1mental Testing and Results
1.-‘Spot Testing Method

Slnce the variable optical configuration is very complex and the spot shape is
"anisotropic," a suitable method is required to determine its characteristics.
Initially, in order to investigate the entire optical configuration, the spot
was directly observed cross-section-by-cross-section along the optical axis
by using the electromagnetic amplification system under the main lens column.
By monitoring the patterns associated with the charge and discharge of the
e-beam and external interference, it is possible to identify the locations
that cause contamination and interference. Furthermore, it is also possible
to observe the deflection and electron optical coaxial effect of the lenses
and deflectors. Hence, direct observation is an effective experimental tech-
nique to determine the characteristics of the column. This can relatively
quickly make every component function normally. Moreover, it can be used to
determine certain major parameters of the e-beam in a semi~quantitative
manner. Based on the results, the column can be placed on a precision laser
platform. A cross-hair scan method4 is then used to measure the rapidly
varying e-beam parameters, such as rectangular spot size, spot orientation,
beam current density, edge resolution, deflection field dimensions and field
distortion. . Adjustments and calibrations are made based on the data
acquired until the accuracy requirement of exposure is satisfied. This tech-
nique can provide rapid verification of spot parameters during exposure,
which shortens processing time.

2. Experimental Results
Figure 6 [photograph not reproduced] shows the waveforms of the beam current

and its first and second derivatives. It shows that at different spot sizes
the current densities are identical and the current distribution is uniform.
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The maximum current density is over 0.4 A/cm? and the edge resolution has met
the 0.2 um requirement. Figure 7 [photograph not reproduced] shows litho-
graphic patterns obtained with different spot sizes. The patterns remain
uniform with rectangular spots varying from 1-12.5 ym. Figure 8 [photograph
not reproduced] is a pattern of an IC lead plate.

IV. Conclusions

The electron optical design of the DJ-2 variable-rectangle e-beam lithography
system meets the functional requirements with the least number of lenses.
Its optical configuration is sound. In order to keep current density, edge
resolution and spot origin position constant with various spot sizes, '
precision linear and rotational compensations are introduced to the high-
sensitivity electrostatic deflector using series-connected parallel plates
to solve several problems caused by variable spot size. It has been.
experimentally demonstrated that the spot size can be independently varied
in 0.05 um steps between 1 and 12.5 uym. The maximum current density is over
0.4 A/cm2 and the edge resolution is better than 0.2 ym in a 2 x 2 mm scan-
ning field.

This work is a part of the "variable-rectangle electron-beam lithography
system" program in the Seventh 5-Year Plan. The author wishes to thank
Huang Lanyou [7806 5695 0645], Jiang Junji [3068 6874 1015], Zhu Xieqing
[2612 0588 0615], Wu Mingjun [0702 2494 0971], Wu Wei [0702 0251], and Tong
Liangfa [4547 5328 4099] for their participation in this work and Gu Wenqi
[7357 2429 3825], Wang Liming [3769 3810 2494], and Fang Guangrong [2455
0342 2837] for their assistance in the testing stage.
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